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In early embryos, the DNA damage checkpoint is
silent until the midblastula transition (MBT) because
of maternal limiting factors of unknown identity.
Here we identify the RAD18 ubiquitin ligase as
one such factor in Xenopus. We show, in vitro and
in vivo, that inactivation of RAD18 function leads
to DNA damage-dependent checkpoint activation,
monitored by CHK1 phosphorylation. Moreover, we
show that the abundance of both RAD18 and PCNA
monoubiquitylated (mUb) are developmentally regu-
lated. Increased DNA abundance limits the availabil-
ity of RAD18 close to the MBT, thereby reducing
PCNAmUb and inducing checkpoint derepression.
Furthermore, we show that this embryonic-like regu-
lation can be reactivated in somatic mammalian cells
by ectopic RAD18 expression, therefore conferring
resistance to DNA damage. Finally, we find high
RAD18 expression in cancer stem cells highly resis-
tant to DNA damage. Together, these data propose
RAD18 as a critical embryonic checkpoint-inhibiting
factor and suggest that RAD18 deregulation may
have unexpected oncogenic potential.
INTRODUCTION
Early embryonic cleavages are rapid, consisting of alternating S
and M phases with virtually absent Gap phases (Graham and
Morgan, 1966). In this contracted cell cycle, the S phase check-
point delaying cell division upon DNA damage (Anderson et al.,
1997; Hensey and Gautier, 1997) or unreplicated DNA (Dasso
and Newport, 1990; Kimelman et al., 1987) is inefficient and
may represent an adaptation to ensure rapid proliferation. The364 Developmental Cell 34, 364–372, August 10, 2015 ª2015 Elseviemolecular mechanisms responsible for checkpoint inhibition in
early embryos are poorly understood. Previous studies in Xeno-
pus (Conn et al., 2004; Dasso and Newport, 1990; Kappas et al.,
2000) have shown that checkpoint activation depends on the
nuclear-to-cytoplasmic (N/C) ratio because of the absence of
cell growth and not on transcription or translation, suggesting
titration of maternal limiting factors of unknown identity. Genetic
data inC. elegans (Holway et al., 2006; Ohkumo et al., 2006) have
implicated a translesion DNA polymerase (TLS POLh) special-
ized in the replication of damaged DNA (see Sale et al., 2012,
for a review). POLh is recruited to DNA damage upon binding
to PCNA, monoubiquitylated by the RAD6 (E2)-RAD18(E3) ubiq-
uitin ligase complex, whereas the USP1 ubiquitin hydrolase cat-
alyzes the opposite reaction (see Ulrich and Takahashi, 2013, for
a review). In S phase, checkpoint activation relies upon replica-
tion fork uncoupling generated by DNA damage, such as UV irra-
diation. Excess single-stranded DNA (ssDNA), generated in this
process by the action of the helicase, is the primary substrate
initiating ATR-dependent checkpoint signaling (Byun et al.,
2005). Here we provide evidence that checkpoint repression in
Xenopus eggs is a consequence of replication fork uncoupling
inhibition mediated by RAD18, a critical factor for PCNA mono-
ubiquitylated (PCNAmUb). We also show that this regulation is
reversible and can be reactivated by increasing RAD18 abun-
dance, resulting in resistance to DNA-damaging agents that is
relevant to cancer recurrence.RESULTS AND DISCUSSION
Constitutive TLS POLh Binding to Chromatin at a Low
N/C Ratio
To understand the molecular grounds of embryonic checkpoint
silencing, we used cell-free extracts derived from activated Xen-
opus eggs. This in vitro system faithfully reproduces the develop-
mentally regulated activation of the DNA damage checkpoint
observed in vivo (Anderson et al., 1997; Conn et al., 2004;
Kappas et al., 2000; Newport and Dasso, 1989). This is achievedr Inc.
Figure 1. RAD18 Is Limiting near the MBT
(A) Constitutive POLh chromatin binding and PCNAmUb at a low N/C ratio. Shown is a western blot of nucleosolic (top) or chromatin (bottom) fractions obtained
from egg extracts containing sperm nuclei at a low (100 nuclei/ml) or high (1000 nuclei/ml) N/C ratio, UV-irradiated (+UV) or not (UV), upon 50-min incubation at
room temperature. Histone H3 served as the chromatin loading control.
(B) Abundance of the indicated proteins (determined by western blot) remaining in the egg cytoplasm (left) or chromatin (right) after 90-min incubation with sperm
chromatin at a low or high N/C ratio.
(C) RAD18 interacts with DRF1 at a low N/C ratio in Xenopus egg extracts. Shown is a western blot of RAD18 immunoprecipitated (IP) from egg cytoplasm after
nuclear assembly at a low or high N/C ratio. Short (light) and long (dark) exposures of DRF1 are shown. 10-fold more RAD18 immunoprecipitates at a lowN/C ratio
are also shown (right).
(D and E) RAD18 and PCNAmUb are developmentally regulated. (D) Shown are western blots of total embryo protein extracts at the indicated stages of devel-
opment (numbers) in the absence (DMSO) or presence of the proteasome inhibitor MG132 (30 mM; E). RAD18 quantification is expressed as relative optical
density (ROD). Means ± SD are represented (**p < 0.001). See also Figure S1.by adding a sufficient amount of sperm nuclei into a fixed volume
of egg cytoplasm, reaching a critical N/C ratio that triggers
checkpoint activation (400 nuclei/ml; Dasso and Newport, 1990).
Figures S1A–S1C show that UV-irradiated sperm nuclei,
added at a low N/C ratio into egg extracts naturally synchronized
in very early S phase, fail to delay both DNA synthesis andmitotic
entry compared with a high N/C ratio. Consistent with previous
observations in vivo (Conn et al., 2004; Kappas et al., 2000),
we did not observe CHK1 phosphorylation at a low N/C ratio
(Figure 1A, top, lane 2), whereas this occurred normally at a
high N/C ratio as expected (Kumagai et al., 1998). Inhibition of
CHK1 phosphorylation was also observed using a fixed amount
of damaged sperm nuclei while increasing the extract volume
(Figure S1D), therefore strengthening the conclusion that check-
point activation is sensitive to the N/C ratio and not to the total
amount of DNA damage.
Using the ssDNA binding protein RPA (Recolin et al., 2012;
Walter and Newport, 2000) as a readout for replication fork un-Developcoupling, we observed that RPA greatly accumulated onto chro-
matin in S phase at a high N/C ratio upon UV irradiation, as
expected, (Figure 1A; bottom, lane 4), whereas RPA accumula-
tion was strongly reduced at a low N/C ratio (lane 2), suggesting
inefficient replication fork uncoupling. This is consistent with pre-
vious observations in C. elegans embryos (Holway et al., 2006;
Ohkumo et al., 2006) as well as with a reduced production of
ssDNA in human embryonic stem cells (Desmarais et al.,
2012). In addition, UV-dependent accumulation of the ATR-inter-
acting protein (ATRIP), recruited by RPA and required for check-
point signaling, was also strongly abolished, whereas it was
recruited normally at a high N/C ratio. At a low N/C ratio, ATR
was bound to chromatin and showed modest accumulation
upon UV irradiation, similar to ATRIP. Efficient replication fork
uncoupling was observed at a low N/C ratio by blocking DNA
synthesis with aphidicolin, an inhibitor of replicative DNA poly-
merases (Figure S1E), suggesting that the uncoupling defect is
specific to UV damage. Interestingly, at a low N/C ratio, wemental Cell 34, 364–372, August 10, 2015 ª2015 Elsevier Inc. 365
observed that POLh is chromatin-associated with or without
DNA damage (Figure 1A, bottom, lanes 1 and 2). In contrast, at
a high N/C ratio, POLh was recruited only after UV irradiation
(Figure 1A, lanes 3 and 4). We also verified the presence of repli-
cative polymerases on chromatin at a low N/C ratio (Figure S1F)
and observed that POLh abundance is similar to that of POLa
(Figure S1G). Strikingly, at a low N/C ratio, PCNAmUb was
observed on chromatin irrespective of DNA damage (Figure 1A,
lanes 1 and 2), whereas, at a high N/C ratio, PCNAmUb was pre-
sent mainly upon UV irradiation (bottom, lane 4), as reported pre-
viously (Chang et al., 2006). Damage-independent POLh recruit-
ment at a low N/C ratio was reduced by addition of Geminin, an
inhibitor of replication fork formation (Figure S1H), suggesting
replication fork dependency for binding. Because TLS POLh
replicates past UV lesions, constitutive POLh binding may avoid
fork stalling by UV lesions, therefore preventing replication fork
uncoupling and ssDNA formation. In turn, this leads to failure
to recruit checkpoint factors (ATRIP) and precludes checkpoint
activation. Constitutive TLS in early embryos may be important
to tolerate not only external damage but also endogenous repli-
cation stress induced by a high concentration of nucleotides.
This possibility is in line with evidence suggesting that ribonucle-
otide triphosphate (rNTP) incorporation causes replication stress
and induces PCNAmUb in yeast and that TLS activity is required
for replication resumption (Lazzaro et al., 2012).
RAD6-RAD18 and Not POLh Is Titrated fromEgg Cytosol
at a High N/C Ratio
Maternally supplied inhibitor(s), present in limited amounts in egg
cytoplasm and titrated progressively on chromatin during em-
bryonic cleavages, may be responsible for checkpoint silencing
(Conn et al., 2004; Dasso and Newport, 1990; Kappas et al.,
2000). The data shown in Figure 1A and previous data on
C. elegans (Holway et al., 2006; Ohkumo et al., 2006) implicate
TLS components. We analyzed the abundance of several TLS
factors remaining in the cytoplasm after incubation with sperm
nuclei at a low or high N/C ratio and observed that USP1,
POLh, PCNA, RPA, CHK1, and ATR levels did not change (Fig-
ure 1B; Figure S1I), suggesting that they are in excess over the
DNA. By raising specific antibodies (Figure S2A), we observed
that RAD6 and RAD18 were depleted from the extract and less
abundant on chromatin at a high N/C ratio (Figure 1B). Reduced
RAD18 and RAD6 chromatin binding at a high N/C ratio corre-
lates with both reduced PCNAmUb and POLh chromatin binding
in the absence of UV damage, whereas USP1 binding did not
change significantly, suggesting that RAD18 may be limiting
near the midblastula transition (MBT). To investigate whether
this is due to titration or destabilization, we analyzed RAD18
binding to chromatin at increasing N/C ratios, with or without
the proteasome inhibitorMG132 (Figure S2B, top), and observed
a gradual decline in both conditions, suggesting titration,
although MG132 increased RAD18 abundance at a high N/C ra-
tio. Moreover, a kinetic analysis of chromatin binding in vitro
shows that RAD18 is absent from chromatin at the end of S
phase (Figure S2B, bottom), whereas, in the presence of
MG132, its abundance is increased, suggesting destabilization
after replication. Together, these results suggest that both titra-
tion and destabilization limit the availability of RAD18 at a high
N/C ratio.366 Developmental Cell 34, 364–372, August 10, 2015 ª2015 ElsevieIn mammalian cells, RAD18 is recruited to chromatin upon
DNA damage by physical interactions with the DBF4 subunit
of the CDC7 protein kinase (Yamada et al., 2013). Interestingly,
immunoprecipitation experiments show complex formation
between RAD18 and the Xenopus DBF4-related protein DRF1
at a low N/C ratio in the absence of damage (Figure 1C). This
complex was virtually undetectable at a high N/C ratio, even
when an excess of RAD18 immunoprecipitates, compared
with a low N/C ratio, was analyzed (Figure 1C, right). This
observation suggests that, at a low N/C ratio, high RAD18
abundance promotes DNA damage-independent complex for-
mation with DRF1 to constitutively target RAD18 to replication
forks.
RAD18 and PCNAmUb Are Developmentally Regulated
Analysis of RAD18 and PCNAmUb abundance in embryos at
different stages of development shows that RAD18 decreases
during embryogenesis, starting from stage 4, and drops to very
low levels at stage 6.5 (pre-MBT; Figure 1D). RAD18 decline is
paralleled by a correspondent decrease in PCNAmUb. Similar to
what was observed in vitro (Figure S2B), injection of MG132
into embryos, at a dose that does not interfere with the timing
of MBT onset (Brandt et al., 2011), did not affect the decline of
RAD18 levels prior to stage 6, although it significantly increased
RAD18 abundance at stage 6.5 (Figure 1E). This result suggests
that, in vivo, both titration and destabilization limit RAD18 abun-
dance near the MBT. In contrast, DRF1 did not show significant
changes up to stage 7, similar to what has been reported previ-
ously (Collart et al., 2013; Takahashi and Walter, 2005), suggest-
ing that RAD18 is more limiting than DRF1. This possibility is
supported by the observation that DRF1 is not depleted from
egg cytoplasm at a high N/C ratio (Figure S1I) and is consistent
with DRF1 titration at a higher N/C ratio (around 3,000 nuclei/ml;
Collart et al., 2013), whereas onset of the DNA damage check-
point occurs at 400 nuclei/ml (Conn et al., 2004; Dasso and New-
port, 1990; Kappas et al., 2000). Therefore, reduced RAD18
abundance and not DRF1 is likely responsible for DNA dam-
age-dependent checkpoint activation, although it cannot be
excluded that the titration of RAD18 stabilizing factor(s) may
also contribute. Quantification of RAD18 shows that its concen-
tration in Xenopus eggs is relatively low (0.25 ng/embryo,
3.5 nM; Figure S2C), over 1,000 times less than PCNA. Genetic
evidence in C. elegans proposed POLh as a repressor of the
checkpoint (Holway et al., 2006; Ohkumo et al., 2006; Roerink
et al., 2012). Although we found that, in Xenopus, POLh is impli-
cated, it is not limiting because it is not quantitatively depleted at
a high N/C ratio.We speculate that, at a highN/C ratio, a reduced
abundance of RAD18may be counteracted by USP1, resulting in
reduced PCNAmUb.
RAD6-RAD18 Inhibits the UV-Dependent DNA Damage
Checkpoint In Vitro at a Low N/C Ratio
We next removed RAD18 from egg extracts using specific anti-
bodies. As expected (Bailly et al., 1994), RAD18 depletion also
partially removed RAD6 (Figure 2A, lane 2; Figure S2D) but
not POLh, RPA, or PCNA. RAD18 depletion drastically reduced
PCNAmUb upon UV irradiation at a low N/C ratio, as well as
POLh chromatin binding, and, importantly, induced UV dam-
age-dependent CHK1 phosphorylation (Figure 2B, lane 3). Inr Inc.
Figure 2. RAD18 Depletion Induces CHK1 Phosphorylation at a Low N/C Ratio upon UV Damage
(A and B) Western blot of cytoplasm (A) or chromatin fractions (B) obtained at a low N/C ratio upon immunodepletion with RAD18 antibodies.
(C) Coomassie blue stain of the recombinant His6-RAD6-RAD18 complex expressed and purified from insect cells. kDa, molecular weight of standard protein
markers.
(D) CHK1 phosphorylation analyzed by western blot in either mock-depleted or RAD18-depleted egg extracts with UV-irradiated (+UV) or not (UV) sperm nuclei
at a low N/C ratio as well as with recombinant (Rec) His6-RAD6-RAD18. CHK1 served as the loading control.
(E) Left: western blot of chromatin fractions analyzed in the absence () or presence (+) of UV irradiation with or without the recombinant His6-RAD6-RAD18
complex added 30min after incubation at room temperature at a high N/C ratio. Reactions were incubated at room temperature for 60min. Right: quantification of
RPA2 accumulation shown at the left. The numbers indicate the lanes shown at the left. Means ± SD are shown (n = 3).
(F) Left: overexpression of RAD18C28F delays embryonic cleavages. Shown are images of stage 6.5 embryos injected with either water (mock), XRAD18WT, or
XRAD18C28F mRNA and UV-irradiated (+UV) or not (–UV). Right: quantification of embryos shown at the left reaching stage 6.5 (pre-MBT). Means ±SD are
represented (n = 3).
(G) RAD18 overexpression inhibits UV-dependent CHK1 phosphorylation in Xenopus embryos. Shown is a western blot of protein extracts from stage 7 embryos
obtained upon injection of RAD18 mRNAs (from F). See also Figure S2.contrast, RAD18 depletion at a high N/C ratio did not induce
checkpointhyperactivationcomparedwithamockdepletion (Fig-
ureS2E), indicating that this phenotype is specific to a lowN/C ra-
tio and, likely, that it is not due to the accumulation of unrepaired
DNAbecauseneitherRAD6norRAD18are required fornucleotide
excision repair (Hishida et al., 2009). Moreover, pre- and post-
MBT embryos appear to have a similar DNA repair capacity (An-
derson et al., 1997). Furthermore, the N/C ratio, and not the total
amount of damaged DNA, is critical for checkpoint activation
(Conn et al., 2004), ruling out differences in DNA repair rates.
Reconstitution of RAD18-depleted extracts at a low N/C ratio
(Figure S2F) with a recombinant His6-RAD6-RAD18 complexDevelop(Figure 2C) inhibited UVdamage-dependent CHK1 phosphoryla-
tion (Figure 2D, lane 5), excluding the implication of co-depleted
proteins. Furthermore, this complex, and not recombinant
RAD6, rescued defective PCNAmUb in RAD18-depleted extracts,
demonstrating that it is functional (Figure S2G). Also, CHK1
phosphorylation was induced by UV damage when recombinant
PCNAK164R mutant that cannot be monoubiquitylated, and not
wild-type (WT) PCNA, was added to extracts at a low N/C
ratio (Figure S2H). Of note, the recently discovered PRIMPOL
(see Helleday, 2013, for a review), was not bound to chromatin
at a low N/C ratio (Figure S2I), ruling out active UV lesions
bypass or replication fork restart by this polymerase. Finally,mental Cell 34, 364–372, August 10, 2015 ª2015 Elsevier Inc. 367
recombinant His6-RAD6-RAD18 repressed both RPA accumula-
tion andCHK1 phosphorylation, normally observed at a high N/C
ratio uponUV irradiation (Figure 2E; compare lanes 2 and 3), sug-
gesting inhibition of replication fork uncoupling.
RAD18 Silences the UV-Dependent DNA Damage
Checkpoint in Xenopus Embryos
To obtain evidence for checkpoint inhibition by RAD18 in vivo,
we overexpressed either RAD18WT or catalytically inactive
RAD18 (C28F mutant) by microinjection of the corresponding
mRNA into embryos at the two-cell stage. Embryos injected
with either water (mock) or RAD18WT mRNA developed normally
and reached stage 6.5 with or without UV irradiation (Figure 2F).
In contrast, UV-irradiated embryos injected with RAD18C28F
were delayed in the embryonic cleavages from one cell
cycle after UV irradiation (Figure S2J). Consistent with this
phenotype, UV-irradiated embryos expressing the RAD18C28F
mutant accumulated CHK1 phosphorylation, whereas expres-
sion of RAD18WT inhibited it (Figure 2G; compare lane 3 with
lane 4). Importantly, no spontaneous CHK1 phosphorylation
was observed in embryos injected with either RAD18 mRNAs
(Figure S2K, UV), showing that RAD18 is not implicated in
DNA damage-independent developmental activation of CHK1,
as reported for DRF1 (Collart et al., 2013). These data, together,
show that RAD18 inhibition is sufficient to give to the embryo the
competence to activate the DNA damage checkpoint. Because
RAD18 is also implicated in double-strand break repair (Huang
et al., 2009; Szu¨ts et al., 2006; Watanabe et al., 2009), it might
also contribute to silencing the checkpoint upon g-irradiation,
although we have not tested this possibility.
Reactivation of Embryonic-like Checkpoint Silencing in
Mammalian Cells by RAD18 Upregulation
Next we analyzed the consequences of increasing RAD18 abun-
dance in somatic mammalian cells. RAD18 overexpression did
not induce significant cell-cycle changes (Figure S3A) and,
consistent with two previous reports (Bi et al., 2006; Davies
et al., 2008), induced constitutive PCNAmUb (Figure 3A). Impor-
tantly, overexpression of either RAD6 or RAD18 and RAD6 was
not sufficient to induce constitutive PCNAmUb to a level similar
to that of RAD18 alone (Figure S3B). Of note, and unlike what
was observed in Xenopus at a low N/C ratio (Figure 1A), the
amount of PCNAmUb observed in asynchronous cells expressing
RAD18 increased after UV irradiation. Moreover, eGFP-POLh
nuclear foci formed, even in the absence of DNA damage, only
upon RAD18 overexpression (Figures 3B and 3C). Most impor-
tantly, UV-dependent CHK1 phosphorylation was reduced
significantly in asynchronous cells expressing RAD18 (Figure 3D;
Figure S3D), suggesting that, in mammalian cells, high RAD18
abundance is sufficient to inhibit UV-dependent checkpoint
activation, in line with a previous observation in yeast (Daigaku
et al., 2010). A very similar result was obtained upon expression
of PCNAK164R fused to ubiquitin (Figures 3E and 3F) that
mimics constitutive PCNAmUb (Kanao et al., 2015). Moreover,
expression of RAD18 lacking CDC7 phosphorylation sites
(RAD18D401–445), also required for POLh binding (Durando
et al., 2013), did not induce constitutive eGFP-POLh nuclear
foci and acts as a dominant negative because it inhibits eGFP-
POLh focus formation after UV damage (Figure S3C), consistent368 Developmental Cell 34, 364–372, August 10, 2015 ª2015 Elseviewith a previous report (Day et al., 2010). This mutant did not
inhibit CHK1 phosphorylation compared with RAD18WT (Fig-
ure S3D), suggesting that checkpoint silencing depends on
RAD18 phosphorylation by CDC7. Similarly, the TLS-deficient
RAD18C28F mutant did not induce constitutive eGFP-POLh nu-
clear foci (Figure S3E). Finally, and entirely consistent with re-
sults in Xenopus (Figure 1A), high RAD18 expression also
strongly repressed RPA foci formed upon UV irradiation in
mammalian cells (Figure 4A), suggesting inhibition of replication
fork uncoupling. Together, these observations show that RAD18
overexpression is sufficient to induce constitutive PCNAmUb
independently of RAD6, although we could not formally prove
it in Xenopus because we failed to express active recombinant
RAD18 without RAD6. This suggests that, when overexpressed,
RAD18 may either bypass the RAD6 requirement or RAD18 may
use another abundant E2 to catalyze PCNAmUb. This latter pos-
sibility may explain why, in C. elegans, RAD6 mutations did not
delay mitotic entry in early embryos upon DNA damage (Holway
et al., 2006).
We next determined whether cells expressing RAD18 display
increased resistance to DNA damage resulting from impaired
checkpoint activation. To this end, we generated stable cell lines
expressing ectopic RAD18 at a similar level as endogenous
RAD18. Expression of RAD18WT significantly increased cell
viability upon exposure to either UV irradiation or to the chemo-
therapy-relevant drug cisplatin, whereas RAD18C28F did not
(Figures 4B and 4C). Taken together, these results link RAD18
expression to checkpoint inactivation and resistance to DNA-
damaging agents.
RAD18 Is Overexpressed in Cancer Stem Cells Highly
Resistant to DNA Damage
Resistance to DNA-damaging agents is linked to cancer recur-
rence. We observed high RAD18 expression in a colon cancer-
derived cell line resistant to oxaliplatin (HCT116) compared with
the HCT8-sensitive cancer cell line (Figure S4A) as well as in
the highly DNA damage-resistant brain cancer glioblastoma
(Figure 4D). Importantly, we observed high RAD18 expression
specifically in glioblastoma cancer stem cells isolated from
tumor biopsies (CD133+) and not in their differentiated counter-
parts that express RAD18 at similar levels than HeLa cells
(Figure 4E). In contrast, expression of RAD6 and of other
TLS-, checkpoint-, and proliferation-relevant proteins was not
increased in glioblastoma (Figure S4B). This result is consistent
with GEO profile data showing high RAD18 mRNA expression
in glioblastoma cancer stem cells. Moreover, very recent data
implicate RAD18 in the therapeutic resistance of colon cancer
cells (Liu et al., 2015). Furthermore, RAD18 downregulation in
the U87 glioblastoma cell line induced sensitivity to cisplatin
(Figure 4F), whereas RAD18 re-expression induced a dra-
matically increased viability, suggesting acquired resistance.
Because glioblastoma is resistant to cisplatin, this observation
puts forward RAD18 as a target for sensitizing glioblastoma to
cisplatin. Together, our findings suggest that increased RAD18
expression has a positive effect on proliferation upon DNA
damage by shunting checkpoint activation, therefore conferring
resistance to DNA damage, and show high RAD18 expression
specifically in cancer stem cells that are implicated in resis-
tance to therapy.r Inc.
Figure 3. Ectopic RAD18 Expression Induces Spontaneous TLS POLh Foci and Inhibits UV-Dependent CHK1 Phosphorylation inMammalian
Cells
(A) Western blot of HEK293T cell extracts obtained upon transfection with RAD18 or empty vector (pCDNA3).
(B) Expression of RAD18, and not RAD6, induces constitutive POLh foci. HEK293T cells co-transfected with the indicated vectors and eGFP-POLhwere stained
with DAPI to visualize DNA and observed for eGFP fluorescence. Scale bar, 10 mm.
(C) Quantification of eGFP-POLh foci from the experiment described in (B). Means ± SD are shown (n = 3). V, vector.
(D) Western blot of CHK1S345 phosphorylation in HEK293T cells expressing empty vector or XRAD18 upon UV irradiation (+UV) at the indicated times. Quan-
tification of CHK1S345 phosphorylation is also shown (n = 2).
(E and F) Checkpoint inhibition and constitutive eGFP-POLh foci upon expression of PCNAK164R-mUb fusion. (E) Western blot of total extracts made from
HEK293T cells UV-irradiated (+UV) or not (UV) and expressing the indicated vectors. (F) Cells co-transfected with the indicated vectors and eGFP-POLh were
analyzed as described in (B). Scale bar, 10 mm. Quantification of eGFP-POLh foci is also shown (right). Means and SD are shown (***p < 0.0001; n = 3; see also
Figure S3).In conclusion, this work suggests that constitutive PCNAmUb,
driven by RAD18, is responsible for silencing the UV damage
checkpoint in Xenopus embryos by inhibiting replication fork
uncoupling, a critical determinant for checkpoint signaling. Ge-
netic data in C. elegans (Holway et al., 2006; Ohkumo et al.,
2006) and the presence of constitutive PCNAmUb in early
Drosophila embryos (E. Lo Furno, I. Busseau, and D.M., unpub-
lished data) make likely that this regulation may be conserved
in other organisms. Recent data suggest that the DNA damage
checkpoint affects TLS through the regulation of a RAD18-
CDC7-DBF4 complex (Yamada et al., 2013). Our observations
show that RAD18 deregulation affects the DNA damage check-
point, suggesting cross-talk between these two pathways. ThisDevelopmay constitute an additional mechanism, aside from the muta-
tor activity, linking TLS deregulation to cancer (Albertella et al.,
2005). In this perspective, RAD18 deregulation might have a
previously unrecognized oncogenic potential relevant to the
therapeutic resistance of certain cancer subtypes, such as
those of embryonic origin or those generated by dedifferentia-
tion of somatic cells.EXPERIMENTAL PROCEDURES
Xenopus Egg Extract Preparation and Use
Experiments with Xenopuswere performed in accordance with current institu-
tional and national regulations approved by the Minister of Research undermental Cell 34, 364–372, August 10, 2015 ª2015 Elsevier Inc. 369
Figure 4. High RAD18 Expression Is Associated with Resistance to DNA Damage
(A) RAD18 expression inhibits UV-dependent RPA focus formation in mammalian cells. HEK293T cells transfected with the indicated expression vectors stained
with DAPI to visualize DNA and RPA2 antibodies were viewed by fluorescence microscopy. Scale bar, 10 mm. Quantification of RPA2 foci from the experiment
described in (A) is also shown. Means ± SD are shown (**p < 0.01, n = 3).
(B and C) (B) Survival curves of asynchronous NIH 3T3 cells stably expressing either empty vector or low levels of RAD18WT or RAD18C28Fmutant challenged by
the indicated does of UV-C or cisplatin (CisPt, C) normalized to non-irradiated cells (mock). Means ± SD are shown (**p < 0.01, n = 3).
(D) Expression of RAD18 mRNA in gliospheres (CD133+, Glioma) compared with HeLa cells by RT-PCR. Means ± SD are shown (n = 3).
(E) Western blot of total cell extracts from glioblastoma biopsies (grade 4), differentiated counterparts (progenitors, CD133), or HeLa cells.
(F) Top: western blot of U87 glioblastoma cell extracts treated with control siRNA (siLuc) or a RAD18-specific siRNA (siRAD18) or co-transfected with RAD18
siRNA and a plasmid expressing RAD18WT (siRAD6+ RAD18). Bottom: survival curves of U87 glioblastoma cells treated as described for the top and challenged
with the indicated doses of cisplatin compared with non-treated cells (mock). Means ± SD are shown (n = 3, see also Figure S4).supervision of the Departmental Direction of Population Protection (DDPP).
Interphasic and cycling Xenopus egg extracts were prepared and used as
described previously (Murray, 1991; Recolin et al., 2012). UV irradiation of
sperm chromatin and isolation of chromatin fractions was performed as
described previously (Recolin et al., 2012).
Xenopus Embryos and Microinjection Experiments
Embryos were prepared by in vitro fertilization using standard procedures
(Sivel et al., 2000), UV-irradiated at the two-cell stage, and microinjected
with the indicated mRNAs. Total protein extracts were obtained by collecting
staged embryos according to Nieuwkoop and Faber normal tables.
mRNA Synthesis
In vitro transcription was performed using the mMESSAGE mMACHINE kit
(Ambion). mRNA was ethanol-precipitated and dissolved in water ready for
microinjection.370 Developmental Cell 34, 364–372, August 10, 2015 ª2015 ElsevieCell Culture
Cells were cultured and maintained under standard conditions. For transient
expression, HEK293T cells were transfected with calcium phosphate. Twenty-
four hours post-transfection cells were mock- or UV-irradiated and collected
at the indicated time points. Whole cell extracts were clarified by centrifugation.
Immunofluorescence Microscopy and Focus Formation Assay
Cells were grown on coverslips prior to co-transfection. Four hours after
UV-C irradiation, cells were fixed with 3.2% paraformaldehyde for 15 min at
room temperature and washed three times with PBS. After washing twice
with PBS + 3% BSA, cells were mounted with ProlongGold DAPI (Invitrogen).
eGFP-POLh foci were analyzed with a Leica DM6000 epifluorescence
microscope (Montpellier Re´union InterOrganisme facility). Images were
acquired using a Coolsnap HQ charge-coupled device (CCD) camera (Photo-
metrics) and MetaMorph software (Molecular Devices). The percentage of
eGFP-POLh-expressing cells displaying eGFP-POLh foci was determinedr Inc.
by scoring at least 200 nuclei for each condition. Nuclei containing less than 30
foci were scored as negatives.
Generation of Stable NIH 3T3 Cells Expressing RAD18
Cells were infected with viral particles generated by transfecting the Platinum-
E ecotropic packaging cell line (Cell Biolabs) with retroviral vectors (pLPC-
puro) encoding RAD18 variants (WT, C28F) using Lipofectamine (Invitrogen).
The viral supernatant was collected to infect cells. Forty-eight hours post-
infection, cells were selected in medium containing puromycin (2.5 mg/ml,
Sigma). Selected populations were expanded and used promptly.
Cell Viability Experiments
Cells were plated at 1.0 3 104 cells/well in 12-well plates and UV-irradiated
or exposed to the indicated amount of cisplatin. 48 hr post-irradiation, cell
viability was determined using the CellTiter-Glo luminescent cell viability assay
(Promega).
siRNA
U87 cells were co-transfected with small interfering RNA (siRNA) using JET-
Prime reagent (POLyplus). Twenty-four hours after transfection, cells were
trypsinized and seeded in 12-well plates at a density of 104 cells/well.
Twenty-four hours later, cells were treated with cisplatin (Sigma).
Statistical Methods
Unless stated otherwise, data are presented as mean values ± SD of three in-
dependent experiments. For the data shown in Figures 1E, 3F, and 4B and Fig-
ures S2B, S3E, and S4B, unpaired, two-tailed t tests were performed. p values
are represented (***p < 0.0001, **p < 0.001, *p < 0.01). All statistical analyses
were calculated using GraphPad Prism 6 software. Significance was assumed
when p < 0.01.
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